INTRODUCTION
), species may not rely solely on migration as their unique survival strategy to threat (Geber and Dawson 1993) . They may also rely on their adaptive ability in situ, which necessitates an evolutionary shift (changes in genetic materials within species or populations) that allows the development of adaptive characters to the changing environment (Rice and Emery 2003) .
Such shift or micro-evolutionary change was thought to take place only after a very long period, but several studies have now revealed that evolutionary shift due to selection pressures can occur within a few generations (Kettlewell 1972 , Endler 1986 , Kinnison and Hendry 2001 , Ashley et al. 2003 , a finding termed 'contemporary evolution' (Stockwell et al. 2003) . A thorough understanding of the role of contemporary micro-evolution in shaping phylogenetic diversity within populations and species is critical in conservation and restoration ecology, as it can help facilitate species survival ability in an uncertain future (Faith 1992 , Rice and Emery 2003 , Forest et al. 2007 ).
On the African continent, eastern Africa is reported along with southern Africa as the most vulnerable regions to climate change (Trauth et al. 2005 , Olwoch et al. 2007 ). We therefore predict that individuals of the same species that are shared between both regions (eastern and southern Africa) and the rest of the continent would be genetically distinct as a result of adaptive micro-evolutionary changes to regional climate specificity. In this study, we test this hypothesis using individuals of African silver catfish, Schilbe intermedius Rüppell, 1832 from seven populations. Catfish represents almost 5% of vertebrate species (Nelson 1994) . Along with their fossilised remains, they are found on all continents, and described as wood-eating, electric, omnivorous, and parasitic catfishes (see reviews in Hardman 2005) . The Schilbeidae is a specious family of catfishes found in tropical and sub-tropical African and Asian freshwaters. The genus Schilbe is commonly known as butter-or silver catfishes and some species have been studied extensively with the aid of conventional taxonomic methods (De Vos and Leveque 1983 , De Vos 1984 , De Vos and Skelton 1990 . Members of the genus, especially S. intermedius, are not only widely distributed and abundant across African river systems (ecological importance), but have also a great economic and nutritional value (source of proteins and omega three oils).
However, morphology-based identification within the group has been controversial. For instance, the presence/absence of an adipose fin was generally used to separate the southern African silver catfish into two genera, Schilbe (absence of adipose fin) and Eutropius (presence of adipose fin). Nonetheless, this has been questioned since rudimentary adipose fins were also observed on some Schilbe species (S. intermedius) found in East and West Africa (De Vos 1984 , Dankwa et al. 1999 . In addition, there is a paucity of fish taxonomists, all paving the way for molecular diagnostic tools such as DNA barcoding for effective taxa delimitation (Nwani et al. 2011) . DNA barcoding has proved very useful in accelerating species recognition, biodiversity assessment and conser-vation efforts, stock management, ecosystem monitoring, and phylogeographic studies (Radulovici et al. 2010 , Nwani et al. 2011 . The use of DNA barcodes facilitates identification to a high degree of certainty of various life-forms including larvae, carcass fragments, protected species, and damaged specimens (Ward et al. 2005) . Its efficiency has also been proved in recent studies of freshwater fish (Hardman 2005 , Ward et al. 2005 , Nwani et al. 2011 .
In this study, we expand on these previous studies, but focus specifically on the potential of DNA barcode in population genetic analysis. Because silver catfish is widely distributed, and is one of the most abundant fish in African river systems, it provides an ideal system to evaluate the genetic variation across different geographical locations on the continent. Such genetic variation, if any, will provide additional information that can help conservation biologists and restoration ecologists to prioritise management efforts. Specifically, we used sequences of the DNA barcode region for animals, the mitochondrial cytochrome c oxidase subunit I (COI) gene to: assess the genetic variation within and between populations of S. intermedius in five African countries spanning southern, eastern and western Africa, and evaluate species delimitation issues in the genus Schilbe.
MATERIALS AND METHODS
Sample collections. Samples of S. intermedius were collected from five countries ( Fig. 1 ) and seven river-systems (see Table 1 for localities and GenBank accession numbers). Collection periods, localities, museum voucher numbers, images, measurements and DNA barcodes for the specimens processed as well as detailed laboratory protocols are freely accessible from the BOLD (Barcode Of Life Database) system (www.boldsystems.org) under the project 'Freshwater fish'. We also included in our matrix some sequences retrieved from BOLD and GenBank (Table 1) . All fish samples analysed in this study are deposited at the South African Institute for Aquatic Biology. DNA sequencing, editing, alignment, and tree reconstruction. To extract total DNA, we collected a piece of muscle or fin from each individual and preserved it in absolute ethanol. DNA extraction, polymerase chain reactions (PCR), and sequencing of COI region were done at the Canadian Centre for DNA Barcoding (CCDB) using the primer pair C_FishF1t1/C_FishR1t1 and M13F/M13R. PCR reactions and sequencing followed the standard CCDB protocol. After editing the sequences, alignment was performed using Multiple Sequence Comparison by Log-Expectation (MUSCLE vs. 3.8.31; Edgar 2004) . Subsequent adjustments were made manually when necessary.
Tree reconstruction was done using Bayesian approach as implemented in MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) . The best-fit model of DNA sequence evolution was chosen using jModelTest 0.1.1 (Posada 2008) under the Akaike information criterion (Posada and Buckley 2004) . The TrN + I model was selected and used to generate the Bayesian tree. Analysis was run for nine million generations with a sampling of one tree every 100 generations. Two independent Bayesian analyses with four differentially heated chains were performed simulta-neously. The results were visualised and checked using MEGA, and 25 000 trees were discarded as burn-in. For the purpose of population comparisons based on mean phylogenetic distance, the tree generated was ultrametricised using the function 'chronopl' in the R package Ape DNA barcoding and population genetic diversity of Schilbe intermedius in Africa 309 (Paradis et al. 2004 ). This function estimates the node ages of a tree using a semi-parametric method based on penalised likelihood (Sanderson 2002) . The branch lengths of the input tree are interpreted as mean numbers of substitutions per site. Nodes support was assessed using posterior probability (PP) as follows: PP > 0.95: high support and PP < 0.95: no support (Alfaro and Holder 2006) .
For comparison purpose, we also reconstructed a tree based on maximum parsimony (MP) approach. MP tree searches were done using heuristic searches with 1000 random sequence-additions. Tree bisection-reconnection was performed with all character transformations treated as equally likely i.e., Fitch parsimony (Fitch 1971) . MP trees were assembled using PAUP* (Swofford 2003) . Node support was assessed using bootstrap (BP) values: BP > 70% for strong support Bull 1993, Wilcox et al. 2002) . We used S. mystus (L.) (without adipose fins) and Pseudopimelodus pulcher (Boulenger, 1887) (with adipose fins) as outgroups for phylogeny reconstruction. Data analyses Genetic differentiation between populations. All analyses were conducted in the R package Spider 1.1-1 (Brown et al. 2012) . We imported and read our DNA matrix using the function 'read.dna' which also estimates the single base composition in the matrix. To estimate the GC composition, we conducted a 'sliding window analysis'. This consists of dividing up the COI DNA alignment (650 base pairs or bp) into multiple smaller fragments or 'windows' (here 300 bp) throughout the length of the region. This sliding process was performed using the function 'slidingWindow' in Spider. We then assessed the change in GC composition across the S. intermedius sequences using the function 'sapply' and the Ape command 'GC.content' (Paradis et al. 2004 ) across all the windows. This was conducted for each matrix (COI matrix from each country), and the significance of the differences in GC content across countries was tested using Wilcoxon ranked sum test. Further, we estimated the level of divergence in COI sequences across samples from each country using the Tajima's K index (Tajima 1983) . This index estimates the number of substitution between sequence pairs and the number of substitutions per nucleotide. A visual representation of DNA sequences from different samples was also presented using the function 'seeBarcode' also implemented in Spider. The genetic distance was assessed as K2P distance between sequences, and was used to evaluate the 'barcoding gaps' between specimens of different origins. Phylogenetic relations between populations. We assessed the patterns of phylogenetic relatedness between S. intermedius of different geographical origins using the Bayesian ultrametric phylogeny. We therefore quantified the mean phylogenetic distance (MPD) using the function 'comdist' implemented in the R package Picante 1.2. (Kembel et al. 2010) . MPD values indicate the phylogenetic distance between pairs of individuals randomly drawn from two distinct river systems. These distances (MPD values) were then used in a cluster analysis (phyloordination) to group populations of S. intermedius based on the evolutionary similarity of their members. Barcoding test of species delimitation. We conducted a species delimitation analysis to estimate the likely number of species in our sampled specimens. Prior to this evaluation, we first determined the genetic distance suitable as threshold for species delimitation using the function 'threshOpt' implemented in Spider. This function calculates the number of true positive, false negative, false positive, and true negative identifications at different potential thresholds, allowing us to determine the cumulative error (i.e., false negative + false positive). The optimised threshold is then identified as the one for which the cumulative error is lowest (Brown et al. 2012) . We then applied this threshold to assess the likely number of species in the dataset using the function "tclust" also implemented in Spider. This function identifies clusters (species-units) excluding individuals greater than the threshold from any unit (Brown et al. 2012) .
RESULTS
We first evaluated the composition of COI DNA sequences and genetic distances between individuals from the same geographical regions (Table 2) . Single base composition is very similar across geographical regions, but GC composition in windows of 300 bp varied significantly between regions (Wilcoxon test, P < 0.001), except Van der Bank et al. 310 between South Africa and Namibia (Wilcoxon test, P = 0.07; Table 2 ; Figs. 2 and 3). We also assessed the level of divergence within countries using Tajima's K index of divergence. We found that the number of substitution between sequence pairs and the number of substitution per nucleotide varied from 0 (Namibia) to 2.84 (Nigeria) and from 0 (Namibia) to 0.0044 (Nigeria), respectively. However, the number of substitutions (between sequence pairs and per nucleotide) was identical between Kenya and Botswana (2.27 and 0.0035, respectively). Pattern of substitutions was also graphically represented as barcodes of each population from different countries, and this indicates variations and similarity at each position (Fig. 4) . Further, the genetic distances (K2P distances) between individuals from the same country are < 0.005 (i.e., ranged between 0 in Namibia and 0.0044 in Nigeria). The phylogeny we reconstructed is well supported and indicates that the Nigerian and Kenyan populations are successively sisters to the remaining populations and diverged earlier. This topology is supported with morphological characters such that Nigerian and Kenyan specimens often lack or exhibit rudimentary adipose fin whilst South African specimens always exhibit adipose fin, which has never been observed in Namibia and Botswana (Figs. 5 and 6) .
We also assessed the phylogenetic relatedness of individuals drawn randomly from two different countries. We found a clear geographical pattern such that individuals from the same country clustered on a phylogeny (Figs. 5 and 6). There was no association between absence, rudimentary or presence of adipose fins and country of origin (Figs. 5 and 6). However, southern African individuals (Namibia, Botswana, and South Africa) were more closely related and form a cluster clearly distinct from that of eastern (Kenya) and western Africa (Nigeria) (Fig. 7) . Crucially, western African individuals (Nigeria) were less related to the eastern African population (Kenya), which was also distinct from the southern African populations (Fig. 7) . In addition, within the southern African cluster, Namibian and Botswanan populations were more closely related to each other than to the South African populations (Fig. 7) .
Variation in GC composition across geographical regions coupled with geographical patterns in phylogenetic ordination of individuals suggested that African populations of S. intermedius might be composed of cryptic species. We then tested this hypothesis using the barcoding approach of species delimitation. Prior to this test, we evaluated the distance threshold suitable for both the complete DNA matrix (i.e., combined DNA sequences of all countries) and the country-level DNA matrix. Using the complete dataset, we found an optimised threshold of 0.5% (Fig. 8 ). Based on this threshold, our barcoding analysis of species delimitation revealed six species-units such that all individuals from a given country clustered as a species-unit (Kenya, Botswana, Namibia, and South Africa), with individuals from Nigeria split in two species-units (Table 1) .
In addition to the test at broader scale, we also performed a barcoding test of species delimitation at finer scale (i.e., at country level). We found that the optimised threshold was contingent upon the origin of the individuals. Specifically, we found that a threshold of 0.4% was appropriate for species delimitation in Kenya, 0.2% in Botswana, 0.1% in Namibia and South Africa, and 0.5% in Nigeria (Fig. 9 ). Using these distance thresholds in species delimitation tests within each population (i.e., within each country), our result corroborated that of combined analysis, i.e., we found two species-units in Nigeria but only one species-unit in each of the remaining four countries (Table 1) .
Adopting the six species-units revealed by species delimitation test, we then assessed barcoding gaps within the complete dataset. We found a significant barcode gap such that "interspecific" distance (here defined as distance between individuals of different countries) was significantly higher than "intraspecific" distance (distance within individuals of the same country) (Wilcoxon test, P < 0.001; Fig. 10A ), and that for each sequence, interspecific distance is always higher than intraspecific distance (Fig. 10B ).
DISCUSSION
Fisheries are important sources of protein for human, but also play an important role in aquatic ecosystems. However, less than 40% fishery captures in tropical regions is described to species level (Caddy and Garibaldi 2000) . In combination with the current threats that could originate from various sources, such as climate change, pollution, habitat destruction, over-exploitation, etc. (Hughes et al. 1997) , the limited knowledge of fish diversity implies that some species are likely to go extinct before they are described; this raises the necessity of furthering our knowledge of fish diversity. In this study, we investigate the genetic diversity and species delimitation within African silver catfish. We found a geographical pattern in genetic differentiation among populations such that West African populations are genetically distinct from the eastern African DNA barcoding and population genetic diversity of Schilbe intermedius in Africa 311 . 3 . Average GC content of 300 bp windows across Schilbe intermedius sequences generated from five countries populations, which are also genetically less related to southern African populations. Within southern African populations, individuals recorded in South Africa also form an isolated cluster as compared to Namibian and Botswanan populations, which both are more closely related. Such strong phylogeographical pattern is surprising as all individuals included in this study belong to the same species. Therefore, an explanation is required. All African river systems were once connected (Greenwood 1983) , especially during the pluvial period in the Pleistocene (Roberts 1975) . This connectivity might favour gene flow between freshwater fish, thus increasing the ability of less-fitted species or populations to escape extinction under selection pressures (Brown and Kodric-Brown 1977) . However, during the Pleistocene up until 8000 to 12 000 years ago (especially in inter-pluvial periods) characterised by desert expansion and water retraction, African river systems became isolated, reducing the possibility of gene flow. As such, the survival of aquatic species would rely fundamentally on their ability to shift their biology to fit into the local environmental conditions (Roberts 1975) . Species that fail the shift are likely to face a high risk of extinction. Such in situ adaptive evolutionary responses or micro-evolutionary changes are more likely in the context of isolated river systems where species cannot move to a more suitable river; this can result in a very high intraspecific genetic variation, because only populations with higher levels of heritable genetic variation are more likely to shift to a new optimal character under an intense selection pressure (Gilpin and Soulé 1986) .
Because eastern-and southern Africa are the geographic regions most vulnerable to climate change in Africa, it is not surprising that we found a geographic pattern in genetic differentiation among populations of S. intermedius, with these two populations distinct from western African populations. We therefore suggest that variation in climate severity (and probably other selection pressures) across Africa coupled with isolation of water systems during the Pleistocene may be an important driver of the current geographic patterning of genetic differentiation that we found within the silver catfish populations.
DNA barcoding and population genetic diversity of Schilbe intermedius in Africa 313 We then hypothesise that this genetic differentiation, as adaptation process, can lead to an 'ecosystem-dependent adaptive radiation' (Ernst et al. 2003) within African populations of silver catfish. In other words, we suggest that geographically isolated individuals of S. intermedius may belong to different species, as opposed to the single species of S. intermedius currently identified. To test this hypothesis, we performed a DNA barcoding test of species delimitation on the DNA matrix of all individuals included in this study. The test reveals six species-units, each corresponding to a specific geographic origin with two species-units in Nigeria. The match between speciesunits and geographical origins provides support to our suggestion that cryptic species may exist within individuals of S. intermedius. We found a significant barcode gap between individuals of different origins, which provides further basis for splitting S. intermedius in different species taking geographical origins into account. Our finding provides further support to recent studies based on allozyme and DNA sequence data (Van der Bank et al. 1998 ) and DNA barcoding (Nwani et al. 2011) , where substantial genetic variation between geographically isolated silver catfish was also identified. Whilst the phylogeographic pattern within African silver catfish populations might mirror the past effects of selection and gene flow, the split within Nigerian silver catfish populations into two species-like units indicates the 'potential for further adap-tive change in response to local selective challenges' (Rice and Emery 2003) .
However, morphology-based identification within the taxonomic group Schilbeidae is controversial. For instance, based on presence/absence of an adipose fin, southern African silver catfish were separated into two genera, Schilbe (absence of adipose fin) and Eutropius (presence of adipose fin), but this character has been shown unreliable to discriminate between the two genera since rudimentary adipose fins were also observed on some Schilbe species (S. intermedius) found in East and West Africa (De Vos 1984 , Dankwa et al. 1999 . As a consequence, Eutropius depressirostris (Peters, 1852) and S. mystus (L.) were considered to be synonymous to S. intermedius (see Skelton 1990, Froese and Pauly 2012) . Furthermore, an electrophoretic analysis of individuals of S. mystus and E. niloticus from West Africa indicated that there might be some cryptic species in S. mystus, and revealed a close similarity between the west African E. niloticus and the southern African Schilbe species (Abban and Skibinski 1988) . The isolation theory was put forth to explain this similarity, suggesting that it might be the result of adaptive response of populations of E. depressirostris (only known then in eastern and southern Africa), that might be geographically isolated. Moreover, these two genera were shown to be geographically isolated (Bell-Cross 1972) . (Bell-Cross and Minshull 1988, De Vos and Skelton 1990) whereas the distribution of S. mystus is further down to southern Africa (the Cunene and Zambezi River Systems in Namibia, Botswana, Zambia below the Victoria Falls, and the lowveld river systems of Zimbabwe, Mozambique, and KwaZulu-Natal Province of South Africa. In this study, and from a phylogenetic viewpoint, we found no association between absence, rudimentary or presence of adipose fins and geographical locality (Fig. 6 ). This finding indicates that the sole use of presence/absence of adipose is insufficient, and that the genetic consideration (as indicated in this study) should also be taken into account not just to solve the controversy surrounding species delimitation within the group, but also for a broad assessment of fish biodiversity.
Fig. 6. Maximum parsimony phylogeny indicating phylo-geographical patterns of Schilbe intermedius specimen
Our finding of species-units recovered according to geographical origins (barcoding test of species delimitation) indicates that there is enough variation and differentiation between and within populations, and therefore cast doubt upon the current lumping of all African silver catfish in a single species based on presence/absence of adipose fins. We suggest here that cryptic species exist within the silver catfish populations and confirm the utility of DNA barcode of 650 bp COI in biodiversity assessment (see also Ward et al. 2005 and Nwani et al. 2011 for fishes; Hebert et al. 2004 , Hajibabaei 2006a , and Hajibabaei et al. 2007 for other groups). There are several morphological, ecological, geological and geographical evidences that support our view.
First, the presence of the adipose fin in South African populations and its absence in Okavango (Botswana), Cunene (Namibia) and Upper Zambezi populations were consistently observed in field studies. The rudimentary/absence of adipose fins in central African populations needs further analyses.
Second, it is also supported by geological data. The Cunene and Nigerian rivers are the only west-flowing ones in our study; they are isolated from the other African rivers. Also, the Victoria and Kafue falls and the Rift Valley present very efficient barriers to fish distribution and to isolate species in southern Africa. Furthermore, there is no geographic evidence of river captures or linking between the Limpopo (South Africa) and Upper Zambezi river systems (Wellington 1955, Partridge and Maud 1987) , although several authors speculated on a linkage between the Lower Limpopo and the Lower Zambezi rivers (Gaigher and Pott 1973, Bowmaker et al. 1978) . This is based on the presence of certain fish species (e.g., former E. depressirostris) in the systems mentioned, which do not occur in other parts of the river (i.e., the Upper Zambezi or Okavango rivers). The link between the Limpopo and Lower Zambezi rivers probably extended into KwaZulu-Natal, and it is assumed that KwaZulu-Natal received the remainder of its species via this route (Gaigher and Pott 1973) .
Third, substantial DNA sequence variations were obtained. Fourth, there are fixed allelic mobility differences at one locus between the northern and southern fish populations (Van der Bank et al. 1998 ). The existence of allele mobility differences between populations is a significant evolutionary event in the evolutionary history of a species since this indicates that gene flow has been very low or absent for a very long time to allow speciation to occur. Finally, ecological, morphologic, allozyme, DNA sequence data, phylogenetic analyses and DNA barcoding test (this study) consistently separated the two central and the southern African populations of S. intermedius from each other, and provides strong support to the recognition of different species.
Nonetheless, there are two situations where the efficiency of 650 bp COI can be hampered. When DNA is degraded such as in processed biological materials (e.g., food), DNA strands longer than 200 bp become unlikely to . 10 . Evaluation of barcode gaps between sequences of Schilbe intermedius from different countries. A: Boxplot indicating the genetic variation between inter (=interspecific distance calculated here as K2P distance between specimens of different countries) and intra (= intraspecific distance calculated here as K2P distance between specimens within each country); this boxplot clearly shows that specimens between geographic regions are genetically distinct from specimens within countries (P < 0.001; see text); B: Lineplot of the barcode gap for the silver catfish species; for each individual in the dataset, the grey lines represent the furthest intraspecific distance (bottom of line value), and the closest interspecific distance (top of line value); because all lines are not represented by a dot, this indicates that there is a barcode gap in all sequences The false negative rate of identification of S. intermedius is null so that cumulative error equals false positive be recovered and amplified (Goldstein and Desalle 2003 , Hajibabaei et al. 2006b , Wandeler et al. 2007 . Also, in a situation of high genetic variation between populations (as is the case between African populations of S. intermedius), the 650 bp-long COI may become problematic as it might require the design of distinct primer sets for each population (Meusnier et al. 2008 ). Both situations can discount the discriminatory power of the 650 bp of COI, paving a way for the search for a shorter barcode i.e., a mini-barcode (Meusnier et al. 2008 ). These authors suggested, based on all COI sequences available on GenBank, that a mini-barcode of 100 bp COI provides 90% identification success, whereas 95% success were obtained with 250 bp mini-barcodes. In this study however, we did not encounter any difficulty in amplifying the 650 bp COI, indicating that the search for a mini-barcode might not be necessary at least for living organisms and that the universal primer sets amplifying 650 bp COI are still of useful although we found a high genetic variation between populations.
